Abstract -On 10 trees from 10 species of French Guyana tropical rainforest in a clear active process of restoring verticality growth strains were measured in situ in order to determine the occurrence of tension wood within samples. Wood specimens were cut in the vicinity of the growth strains measurements in order to measure some mechanical and physical properties. As suspected, tensile growth strains was very much higher in tension wood zone, because longitudinal modulus of elasticity was slightly higher. Longitudinal shrinkage was also much higher in tension wood than in opposite wood.
INTRODUCTION
When trees have to restore their verticality after some accidental leaning (or partial uprooting), they will produce a rather wide sector of reaction wood on the lower side of the stem for gymnosperms (compression wood), on the upper side for angiosperms (tension wood) [2, 3, 19, 25] . Due to the usual higher growth rate in the reaction wood sector, the total volume of reaction wood in a log can be significant [16, 33] .
The role of reaction wood is to produce, through the mechanism of growth strains, a reacting force on the upper or lower side of the stem very different than the force on the other side: a compressive force for the lower side of gymnosperms, a very high tensile force for the upper side of angiosperms, while there is a normal tensile force in the other cases. The value of this force is the product of four components:
(1) the area of the reacting sector, linked to the growth ring thickness, (2) the specific gravity of the reaction wood linked to the proportion of fibres and the thickness of their cell walls, (3) the specific modulus of elasticity of reaction wood (ratio between longitudinal Young's modulus and specific gravity) mostly linked to microfibril angle (MFA) in the S 2 layer of fibres, (4) the maturation strain appearing in the last phase of differentiation (lignification) mostly linked both to MFA and the chemistry of cell wall maturation [1, 37, 38] . The occurrence of reaction wood can be assessed on the standing tree by various methods based on the local release of growth strains at stem periphery. The strain (or displacement) resulting from this release is very different between the upper and the lower sector of the stem for trees restoring their verticality [2, 4, 13, 20, 25, 40] .
Due to all these differences in wood genesis, the physical and mechanical properties of reaction wood can be very different from that of the wood on the opposite side (called opposite wood), thus leading to serious difficulties and drawbacks in the processing (sawing and drying) and use of lumber coming from these trees.
Things are quite clear in the case of compression wood [21, 33] : wider ring width, higher specific gravity, lower specific modulus of elasticity, higher longitudinal shrinkage, and lower transverse (radial and tangential) shrinkage, higher compressive strength. For tension wood, things are less known, and seem more diverse, like the anatomical characteristics (fibre with classical G-layer or not [15, 19, 30, 42] ) There are few results in the literature about the properties of tension wood, most of the work are dedicated to anatomy and growth strains. Poplar [11, 17] , Beech [11, 41] , Eucalyptus [5, 34, 35] and Chestnut [13] were mainly studied. In all cases when this property was looked at, longitudinal shrinkage was found higher (around 1% instead of 0.2%) for tension wood. Ring width is often higher [25] . For specific gravity and Young's modulus there seem to be a trend to higher values for tension wood [4, 13, 17] . For transverse shrinkage some authors have found higher values for tension wood [12] . Tropical species offers a very wide variety of angiosperms and many of them do not exhibit clear classical gelatinous layer in the tension wood fibre [15, 19, 30] . In order to have some insight in the diversity of situations among angiosperms trees, it was decided to select 10 trees presenting clear sectors of reaction wood, with the widest possible diversity and to measure the physical and mechanical properties in the tension wood sector as compared to the opposite wood sector, on specimen corresponding to the standard methods.
MATERIAL AND METHODS

Selection of trees
All the trees were selected along the St Elie trail in the rainforest of French Guiana (Tab. I). The criteria for selection were: (i) medium sized trees (diameter at breast height around 30 cm) clearly in a phase of restoring verticality, (ii) trees from 10 different families so the 10 trees should present a wide range of diversity.
Growth strains estimation
The fact that trees were clearly in a phase of restoring verticality was verified in situ by mechanical measurements of growth strains (GS) by the "single hole" method [1, 20] . This method gives the value of the displacement between two pins hammered onto the trunk (after local debarking) at a 45 mm distance from each other. A hole (20 mm depth and 20 mm diameter) is drilled at the mid-point between the two pins. A displacement is measured (in μm) and converted into a strain using a calibration factor (9.6×10 −4 ) corresponding to a calibration made on Eperua Falcata Aubl [20] . Eight measures (every 45
• ) were realized at breast height on each tree, position 1 corresponding to the upper side of the leaning trunk. After logging and cross cutting, radiuses from pith to tension side and opposite side were both measured. Only one tree, Ocotea guyanensis Aubl., did not present a clear eccentricity.
Sampling of the tested specimens
The part of the stem just below the eight measurement points was taken to the laboratory for mechanical testing. A green rod (dimensions: 500 mm in the longitudinal direction of wood fibres, 25 mm in the radial and tangential directions) was sawn below each GS measurement point, in the sapwood, as close as possible to the bark ( 
Radial growth rate
On all the trees (except one), we tried to estimate the differences in radial growth between tension and opposite zone in the last period of growth when tension wood was produced. From finely sanded discs we focused on a macroscopic indicator of growth rate (ring) clearly observable on the whole disc. According to species this indicator can be related to anatomical features, fibres or parenchyma bands densification, or simply to a density variation highlighted by sanding process. This pseudo ring width cannot be related to duration of growth. It was only used to compare the growth rate between the two sides in the period of active tension wood formation.
For each disc, near the GS measurement points, cambial distance to the located ring was measured perpendicularly to the cambium, so that we obtained eight local growth rates. 
Air dry longitudinal modulus of elasticity
The longitudinal modulus of elasticity (MOE) of dry wood (specimen conditioned in a regulated chamber at 20
• C and 65% relative humidity) was measured using a vibration test [9, 10] . A prismatic beam of wood is lying on elastic supports and is hit with a hammer, while resulting acoustic vibrations are recorded with a microphone. The modes of natural vibration are related with elastic properties, green density and geometry of the beam. The longitudinal MOE can be deduced using a formula that takes the effect of shear into account [7] . Dimensions of specimen are 20×20×380 mm 3 (RTL). With this method used in routine by CIRAD, it was proved that the value of MOE obtained was not significantly different from the standard 4 points bending method used in the same lab. [9] . Other authors [22] have also proved that MOE measurement using eigen frequencies are very closely related to standard 4 points bending method.
The specific dry longitudinal MOE, that is equal to the dry longitudinal MOE divided by the dry specific gravity, was also calculated. This property is given in m 2 .s −2 .
Standard air dry specific gravity
The air dry specific gravity was calculated on the rod (380 × 20 × 20 mm 3 ) used for MOE measurement by dividing the mass by the volume in air-dry state at equilibrium in a regulated chamber with standard conditions (20 • C, 65% relative humidity). Weight was determined with scales (Denver Instrument TR-64, linearity: ± 0.2 mg) and dimensions of the specimen used for the estimation of the specimen volume, were measured with a caliper. It should be note that the equilibrium moisture content of the tropical woods used in this experiment was not always 12% due to the extractive content, although no specimen came from distinct heartwood (Eperua falcata Aubl. for example has a rather high resin content in all parts of the trunk). 
Crushing strength in compression parallel to the grain (ISO standard 3132:1975)
Before testing, all specimens were conditioned in a regulated chamber (20 • C, 65% relative humidity). Tests were performed on 20 × 20 × 60 mm (RTL) specimens between two parallels steel plates on a MTS 20/M universal testing machine equipped with a 10 kN load cell. The load was applied parallel to the grain at a rate of 0.6 mm.min −1 . Crushing strength σ is determined as:
Where P max is the maximum load in kN and S 0 is the initial cross section of the specimen in cm 2 .
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Crushing strength in static bending (ISO standard 3349:1975)
Before testing all specimens were conditioned in a regulated chamber (20 • C, 65% relative humidity). Dimensions of specimen are 20 × 20 × 380 in mm (RTL). Four-points bending tests were performed and the crushing strength (also called Modulus of Rupture) is obtained as follow:
Where P is the maximum load, l is the distance between the two bearing points, a the distance between the two loading points, b is the width and h the height of the specimen.
R, T, L Shrinkage
Longitudinal, radial and tangential shrinkage were calculated as the ratio of the dimensional variation in each direction between saturated and anhydrous states on the dimension in the saturated state. Initial dimensions of the specimens are 20 × 20 × 50 mm 3 (RTL) for longitudinal shrinkage and 20 × 20 × 10 mm 3 (RTL) for radial and tangential directions.
Dimensions were measured with a displacement transducer (Heidenhain, instrumental error 1 μm). Using a mark on the specimen for the positioning of the transducer it was possible with care, to have a precision on the successive measurements at different moisture content better than 10 μm so the variations in dimension have a precision better than 20 μm which means 1/1000 for R and T directions and 4/10000 for L direction.
Statistical analysis
Results from laboratory measurements within and between individuals were compared to highlight significant differences between tension and opposite wood samples. We used the Mann-Whitney U test to account for the significance of these results.
RESULTS
To simplify the interpretation in the rest of the discussion, we refer hereafter to each tree sampled by its species name. We note, however, that the points discussed are attributed to the individual tree studied rather than to the species, as intraspecific variability for these properties remains to be studied.
Growth strains
For all the trees, except Qualea rosea Aubl., positions 8, 1, and 2 had a high tensile strain value (Fig. 3) , thus corresponding to a usual sector of tension wood whose angular expansion is usually slightly greater than 100
• [25] [26] [27] . In the case of Qualea rosea Aubl., the angular expansion of the reaction wood sector was lower than 90˚so, only positions 8 and 1 were tension wood. Mean values for tension wood properties were obtained from specimen corresponding to these 8, 1, 2 positions (8, 1 for Qualea rosea Aubl.). Positions 3 and 7 often called lateral wood, were sometimes in the transition between tension and opposite wood, so there were no calculation of mean values for lateral wood. In positions 4, 5 and 6 there was never high level of growth strains, as it is usual for opposite wood. Specimens from these 3 positions were used for calculation of mean values of opposite wood properties.
Radial growth rate
We were unable to measure this property on Carapa procera A. DC.
Radial growth rate was much higher (between 1.5 to 4 times higher) in 8 of the trees. But one of them, Ocotea guyanensis has no eccentricity and no difference in growth rate (Fig. 4 and Tab. II). These results confirm that hardwood trees also often use an eccentric growth with a higher new material ring width on one side [18] to promote efficient restoration of verticality. However there is some exception at tree level, thus this does not prove that the genus Ocotea guyanensis is not able to use growth eccentricity if needed.
Mechanical and physical properties
Results from the various measurements are presented in Table II. Longitudinal MOE as well as specific MOE were higher in tension wood of 8 trees (between 16 to 54% higher, as specific MOE), except in Cecropia sciadophylla Mart. and Virola surinamensis (Rolander) Warb. However these two trees have a very high specific MOE both in tension and in opposite wood. This difference is statistically significant for 7 trees. This increase in MOE was also observed in some temperate species [13, 17] . We can conclude that in this work specific MOE in always higher than 22.10 6 m 2 .s −2 in tension wood. However we cannot conclude that MOE is higher in tension wood because of our sampling consisting in one tree per species.
Among the 5 trees that show a significant difference for specific gravity 2 have a lower specific gravity in tension wood. However the differences are rather low except for Virola surinamensis (Rolander) Warb (lower in tension wood), Qualea rosea and Ocotea guyanensis (higher in tension wood). In previous publications density was found higher in tension wood for poplar [17, 28] .
Only one significant difference was found between tension and opposite wood for flexure and compressive strength, for two different trees. There is no predominant tendency; sometimes tension wood is more resistant, sometimes opposite wood is more resistant.
Longitudinal shrinkage was often the most significantly different property between tension and opposite wood, 4 to 7 times higher in tension wood for 7 species, but only less than 2 times higher for Simarouba amara Aubl., Eschweilera decolorens Sandw. and Qualea rosea. This increase of L shrinkage in tension wood was observed for a lot of species as chestnut, poplar or eucalyptus [8, 13, 28] . This can cause serious Table II . Main characteristics means of the measured trees: Growth rate (mm), dry density (kg.m −3 ), modulus of elasticity of dry wood (MOE, MPa), specific modulus of elasticity of dry wood (MOE/density, m 2 .s −2 ), Crushing strength in bending and in compression (MPa), Tangential, radial and longitudinal shrinkage (%), tangential/radial shrinkage ratio (TS/RS) and transversal + radial shrinkage for opposite wood (OW) and tension wood (TW). Significant differences between opposite and reaction wood are indicated by * (P < 0.05).
Tree
Growth rate Dry longitudinal MOE Dry specific longitudinal MOE Air dry specific gravity Crushing strength Crushing strength in (mm) (MPa) Tangential shrinkage is always higher for tension wood, except for Eperua falcata, which has a very low tangential and radial shrinkage for a high density wood. The difference is significant only for 4 trees including Eperua. Radial shrinkage can be higher or lower in tension wood, with only 3 significant differences (one lower and two higher for tension wood). Shrinkage anisotropy (tangential shrinkage / radial shrinkage) is always higher in tension wood, but in a significant way only for 3 trees. This can be another factor leading to lumber distortions during drying process for trees with a pronounced sector of tension wood.
DISCUSSION
Usually it is said that tension wood has a very low MFA, but there are few published results [2, 6, 14, 23, 36, 39] on MFA for angiosperms. Classical methods using pit apertures or iodine crystals [6, 24, 32] were not successful in our case. Based on another sampling for Eperua falcata, Laetia procera Eichl. and Simarouba amara, a specific analysis of MFA was done by X-ray diffraction after a calibration using field-emission scanning electron microscopy images of fibre cell wall after delignification [31] . For the three species, tension wood had always very low MFA (below 10
• ) while normal and opposite wood usually exhibit MFA between 15
• and 30
• . Many authors also proved that chemical composition of tension wood is different: lower lignin content, different ratio of lignin monomers [5, 29, 39, 42] . Moreover a species like Eperua falcata has a rather high value of extractive content in the sapwood that seems to be linked to the low value of tangential and radial shrinkage for this high specific gravity species.
From the results on gymnosperms and physical-mechanical models of wood behaviour, a low value for MFA should result in (i) a high value of specific modulus of elasticity, (ii) a higher value of tangential and radial shrinkage, (iii) a low value of longitudinal shrinkage, (iv) a higher value in tensile growth strains. Apart from item (iv), this is not at all a general case in tension wood, the reverse is even true for longitudinal shrinkage. For this peculiar property, where the value is so high for tension wood as compared to usual values for normal wood and values for opposite wood, there can be some explanation in the model proposed by Yamamoto et al. [38] which exhibits a small growth of longitudinal shrinkage for very low MFA. But it cannot explain values as high as more than 1% found for Eperua falcata, Laetia procera and Miconia fragilis Naud. Same results were found for beech or poplar [11, 13] , which can be related to the very peculiar behaviour of the G layer itself [11] maybe due to its chemical organization (crystalline and amorphous zone of cellulose, differences in hemicelluloses and lignin matrix). A higher tangential and radial shrinkage for tension wood is surely also linked to this peculiar behaviour of G layer, or differences in chemical composition.
Most of the species studied has a higher value of specific MOE for tension wood. Again models and results for gymnosperms suggest that for low MFA values, specific MOE should be rather high (around 30 × 10 6 m 2 .s −2 ), which is not the case here for the trees from Eperua falcata and Laetia procera, species with G layer patterns. In the case of Virola and Cecropia trees the specific MOE is very high in the opposite wood and a little lower but still very high in the tension wood. This should mean that MFA is very low all around the stem and that maturation strain is not strictly linked to MFA, but as much (or even more) to the chemical process of maturation.
Anyway, contrary to compression wood in softwoods, tension wood in hardwoods seems to be much more diverse in its technological properties. This point reflects more diverse strategies in fibre differentiation. This means also that tension wood is not always or at least not as much a problem for wood processing and use than compression wood, depending on the tree or maybe the species. However there is a need for more investigations in this subject, for tropical species.
